The antagonistic interaction between a potential fish probiont, Pseudomonas fluorescens strain AH2, and its target organism, Vibrio anguillarum, was investigated by studying the genetic response of the target organism when it was exposed to the antagonist. We compared the differential display of arbitrarily PCR-amplified gene transcripts in V. anguillarum serotype O1 when it was exposed to AH2 supernatant with the display of transcripts in nonexposed control cultures. Growth of V. anguillarum was immediately arrested when the organism was exposed to 50% (vol/vol) AH2 supernatant. A total of 10 potentially differentially expressed transcripts were identified. Among these we identified a gene homologous to rpoS that was induced in a dose-dependent manner when V. anguillarum was cultured in media supplemented with sterile filtered supernatant from AH2. rpoS was also induced when growth was arrested with the iron chelator 2,2-dipyridyl. A chromosomal transcript homologous to vibE that participates in vibriobactin synthesis in Vibrio cholerae was also upregulated during AH2 exposure. This transcript could represent a functionally active gene in V. anguillarum involved in biosynthesis of anguibactin or another V. anguillarum siderophore. On the pJM1 plasmid of V. anguillarum serotype O1, a pseudogene designated open reading frame E (ORF E) that contains a frameshift mutation was previously identified. The gene homologous to vibE identified in this study, interestingly, also has significant homology to ORF E on the amino acid level and does not possess the frameshift mutation. Thus, the chromosomally encoded vibE homologue could fulfil the role of the inactive plasmidencoded ORF E pseudogene. Addition of Fe 3؉ to the system eliminated the growth arrest, and the genes homologous to rpoS and vibE were not induced. To our knowledge, this is the first study linking rpoS induction to iron starvation. Taken together, the results of this study suggest that a major part of the antagonistic property exhibited by strain AH2 is caused by the ability of siderophores in the supernatant to efficiently chelate iron, which results in instant iron deprivation of the pathogen V. anguillarum and complete growth arrest.
Pseudomonads are widespread in aquatic and terrestrial environments and are renowned for their ability to inhibit other microorganisms (6, 13, 48) . In particular, it has been suggested that the fluorescent pseudomonads could be used as biocontrol agents against plant diseases (14, 37) or as probiotic organisms to prevent fish diseases (23, 50, 52) . The boom in the aquaculture industry, which has been growing almost 10% per year for the last decade (19) , has made disease control a major issue. In particular, non-antibiotic-based disease control measures, such as probiotics, have become an important research field due to the concerns raised about the use of antibiotics and the development of antibiotic resistance (24) .
Vibrio anguillarum is a marine gram-negative bacterium that causes disease in approximately 50 different fish species (3) . Vibriosis is primarily caused by serotypes O1 and O2 and is a typical hemorrhagic septicemia (3) . Addition of fluorescent pseudomonads to fish tank water may reduce or delay fish infections with V. anguillarum (23, 52) . Little is, however, known about the mechanisms underlying this in vivo effect. Several traits are believed to be involved in the antimicrobial effect of plant biocontrol pseudomonads. These traits include siderophorebased iron chelation (31, 33) and production of antibiotics, such as 2,4-diacetyl-phloroglucinol (46) and phenazines (40) .
Iron chelation is an important property both for environmental, nonharmful microorganisms and for pathogenic microorganisms. Due to redox properties, Fe is mostly bound in insoluble complexes, and the concentration of free, accessible iron in most environments is low. Thus, iron limitation is a major constraint for microbial growth in ocean environments (10) , and many aquatic microorganisms produce efficient iron chelators (42) . Serotype O1 strains of V. anguillarum produce anguibactin encoded by the virulence plasmid (pJM1) (12) or a siderophore(s) encoded by chromosomal genes (30) . The plasmid-encoded iron chelation system is essential for virulence of some V. anguillarum strains (12) . Despite the ability of V. anguillarum to chelate iron, it has been suggested that part of the probiotic effect of fluorescent pseudomonads could be explained by their more efficient competition for iron (23) . Thus, sterile filtered culture supernatants from the fish probiotic Pseudomonas fluorescens strain AH2 were inhibitory to V. anguillarum, whereas supernatants from strain AH2 cultured with iron were not inhibitory (23) . It has previously been demonstrated that P. fluorescens AH2 produces several types of siderophores (2) .
Knowledge of the mechanisms involved in the interactions between a probiotic biocontrol strain and a pathogen is important in order to evaluate the stability and risk of the treatment and, potentially, to enhance the reaction or characteristics required to obtain an in vivo effect (46) . Such mechanisms have traditionally been studied by random or targeted creation of mutants deficient in the antimicrobial property (7) . We hypothesized, however, that studies of mechanisms of an interaction also can be carried out by focusing on the target organism and its gene expression in response to the antagonistic strain.
A number of molecular techniques, including serial analysis of gene expression (53) , differential display (32) , cDNA-amplified fragment length polymorphism (4), RNA-arbitrarily primed PCR (RAP-PCR) (55) , and cDNA microarrays (45) , can be employed to study the global gene expression profiles and differential regulation of genes in response to, for example, antagonistic effects. Obviously, genomic DNA chips (DNA microarrays) would allow the full genetic response to be evaluated; however, in the case of V. anguillarum such DNA chips are not available, and the genome remains to be fully sequenced. Hence, for this study another technique was selected based on the differential display of arbitrarily PCR-amplified gene transcripts by using the RAP-PCR protocol originally developed by Welsh et al. (55) . This technique is readily adaptable to prokaryotes, unlike some of the other methods that rely on the presence of polyadenylated mRNAs. By identifying genes in cultures of V. anguillarum exposed to strain AH2 supernatant that were differentially expressed (i.e., up-or downregulated) compared to the genes in unexposed exponentially growing V. anguillarum, we were able to reveal novel genes and regulation in V. anguillarum that strongly indicated that iron starvation is indeed an important part of the antagonistic effect of the fish probiotic pseudomonad strain AH2 against V. anguillarum.
MATERIALS AND METHODS
Strains, media, and growth conditions. A virulent strain of the fish pathogen V. anguillarum (serotype O1; strain 90-11-287) (49) was grown in M9 salts (44) supplemented with 0.4% glucose and 0.3% Casamino Acids (M9GC) at 15°C with agitation (200 rpm). This strain causes a positive chrome-Azurol S (CAS) reaction, indicating production of an iron-binding compound(s). P. fluorescens AH2 (22) was likewise grown in M9GC at 15°C with agitation. Prior to inoculation into M9GC, both strains were routinely streaked onto Luria-Bertani agar.
Siderophore assay. The presence of iron-chelating substances in sterile filtered supernatant was determined by using the spectrophotometric CAS assay (47) . Twofold serial dilutions of supernatants were prepared, and each dilution was mixed with an equal volume of the CAS reagent. Absorbance was measured at 630 nm. Each supernatant was tested twice in separate experiments.
AH2 supernatant challenge. P. fluorescens strain AH2 was grown in M9GC at 15°C to the stationary phase (2 to 3 days) in up to 200 ml of medium. Cells were harvested by centrifugation at 3,000 ϫ g for 5 min, and the supernatant was decanted, vacuum sterile filtered through a 0.22-m-pore-size polyethersulfone filter system (500 ml; Corning Incorporated, Corning, N.Y.), and kept at 4°C until it was used. AH2 supernatant challenge experiments were initially conducted by using exponentially growing V. anguillarum cultures (optical density at 600 nm [OD 600 ], 0.6 to 0.8) and transferring 20 ml of a culture to 80 ml of medium containing 50 ml of AH2 supernatant and 30 ml of fresh M9GC. In the control 20 ml of an exponentially growing V. anguillarum culture was added to 80 ml of fresh M9GC. The first experiment in this analysis was conducted exclusively to confirm that scaling up the AH2 supernatant challenge conditions from the microtiter plate format to 200-ml cultures did not change the previously observed growth-inhibiting effect and was done only once. The second AH2 supernatant challenge experiment was a time course experiment performed to evaluate the kinetics of the genetic response, in which a single RAP-PCR profile analysis was performed at different times after challenge (5 and 20 min), and it was also done only once. All subsequent AH2 supernatant challenge experiments conducted to confirm identification of differentially expressed genes and to determine the effect of supplementing the medium with 100 M FeCl 3 and the effect of reducing the volume of the AH2 supernatant to 1/100 of the total volume were done at least twice. A final control experiment, in which we examined the effect of controlled iron chelation in a M9GC V. anguilllarum culture using the iron chelator 2,2-dipyridyl (Sigma, Dorset, United Kingdom) and compared the results to the AH2 supernatant-induced physiological and genetic responses, was done once. In general, growth was measured by using optical density and samples withdrawn for RNA extraction from two cultures after a 20-min challenge. In all experiments in which total RNA was isolated, the number of cells used for extraction was kept constant; i.e., in the case of proliferation in one culture, the sample volume was reduced according to the increase in OD 600 to keep the number of cells constant. For cultures in which there was no growth the sample size was always 30 ml. Samples used for RNA isolation were fixed by instant transfer to a dry ice-ethanol bath for freezing. Samples were kept at Ϫ80°C until they were used.
RNA extraction. Culture samples were thawed, and total RNA was extracted from 5 ϫ 10 8 to 10 9 cells (corresponding to 30 ml of a culture with an OD 600 of approximately 0.15) as previously described (21) . The cells were harvested and resuspended in 890 l of extraction mixture I (80 mM Tris-HCl [pH 7.5], 10 mM MgCl 2 , 10 mM 2-mercaptoethanol), and this was followed by addition of 1,110 l of extraction mixture II (0.9% sodium dodecyl sulfate [SDS], 0.41 mg of proteinase K per ml, 18 mM EDTA, 3.6 mM 1,10-phenanthroline, 0.36 mg of heparin per ml) and incubation at 37°C for 20 min and at 65°C for 10 min. One volume of phenol-chloroform-isoamyl alcohol (25:24:1) was added to the extraction mixture, and the resulting aqueous phase was reextracted once with phenolchloroform-isoamyl alcohol (25:24:1) and once with chloroform. The RNA was precipitated with 0.3 M sodium acetate and 2.5 volumes of 96% ethanol overnight at Ϫ20°C, washed once in 70% ethanol, and allowed to dry before resuspension in 50 l of diethyl pyrocarbonate-treated distilled H 2 O. Isolated RNA was kept at Ϫ80°C until it was used.
RAP-PCR. RAP-PCR was performed essentially as described by Fleming et al. (18) . One microgram of total RNA from exponentially growing V. anguillarum cells or V. anguillarum cells exposed to AH2 supernatant was initially subjected to treatment with 1 U of RNase-free DNase I (Life Technologies, Roskilde, Denmark) for 15 min at 37°C in 10 l of DNase I buffer (40 mM Tris-HCl [pH 7.9], 10 mM NaCl, 6 mM MgCl 2 , 10 mM CaCl 2 ) to remove traces of DNA. The DNase was inactivated by adding 1 l of 25 mM EDTA and heating the sample for 10 min at 65°C before it was placed on ice. Two microliters of the DNase I-treated RNA was used in a 20- The reactions were performed with a Perkin-Elmer 9600 thermal cycler by using the following procedure: the temperature was ramped from 50 to 30°C over a 15-min period, and this was followed by 1 h of incubation at 37°C and then by 5 min of incubation at 95°C and cooling to 4°C. Three microliters of the reaction mixture was mixed with 27 l of a mixture to obtain a 30-l PCR mixture which contained each deoxynucleoside triphosphate at a concentration of 20 M, 6% dimethyl sulfoxide, 2.5 Ci of [␣- 33 P]dATP (Amersham Biosciences, Hørsholm, Denmark), 0.1% Triton X-100, 2 M reverse primer, 2 M forward primer, 1.5 mM MgCl 2 , 100 mM Tris-HCl (pH 8.3), 50 mM KCl, and 0.3 U of Taq DNA polymerase (Life Technologies). The reactions were performed with a PerkinElmer 9600 thermal cycler by using 40 cycles of 94°C for 30 s, 40°C for 1 min, and 72°C for 1 min. The procedure ended with a 10-min hold at 72°C and cooling to 4°C. Parallel negative controls consisted of exactly the same components except for the M-MLV-RT enzyme. Four microliters of each reaction mixture was mixed with 4 l of loading buffer (95% formamide, 20 mM EDTA, 0.05% bromophenol blue, 0.05 xylene cyanol FF), heated to 94°C for 2 min, and then cooled to 4°C for 5 min. Three microliters of each reaction mixture was loaded on a 6% polyacrylamide-50% urea sequencing gel, and electrophoresis was performed in 1ϫ TBE (90 mM Tris, 90 mM borate, 2 mM EDTA [pH 8.3]) at 55 W for 2.5 h. The gel was dried and exposed to Kodak Biomax MR film overnight.
Primers used in RAP-PCR. The following primers were selected from a list of short primers optimized for use in prokaryotic differential display techniques by Fislage et al. (17) : Ea1 (5Ј-TTTATCCAGC-3Ј), Ea2 (5Ј-ACTTTACGCAG-3Ј),
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Ea3 (5Ј-TTTATCCAGCG-3Ј), Ea4 (5Ј-TCAGCGTTTTA-3Ј), Ea5 (5Ј-TTTCA GCGCCT-3Ј), Ea6 (5Ј-TTTTTTCAGCA-3Ј), Ea7 (5Ј-TCTTTTTTACC-3Ј), Ea8 (5Ј-ATCATCCAGCA-3Ј), Ea9 (5Ј-TTTTACCCAGC-3Ј), Ea10 (5Ј-TTCAGCC AGCG-3Ј), Es3 (5Ј-GAAGTGCTGG-3Ј), and Es10 (5Ј-CTGGAAGAAG-3Ј). Furthermore, forward (sense) primer SD14 (5Ј-GGGGAACGACGATG-3Ј) derived from a comparison of several bacterial mRNA start sites was also included (18, 35) . The primers were used in different combinations under each type of conditions to obtain RAP-PCR profiles representing a large fraction of the expressed genes. Identification of differentially expressed genes. Differentially expressed genes were detected by side-by-side comparisons of RAP-PCR profiles from V. anguillarum cultures exposed to AH2 supernatant and exponentially growing V. anguillarum cultures. PCR products in a gel that were either present or absent under one of the two conditions were excised from the dried gel with a scalpel. The DNA was eluted by incubation of the filter piece in 50 l of TE buffer (100 mM Tris-HCl [pH 8], 10 mM EDTA) at 65°C for 2 h. Five microliters of the eluate was used as a template in a reamplification PCR conducted under standard conditions with a mixture containing each deoxynucleoside triphosphate at a concentration of 200 M, 1.5 mM MgCl 2 , 2.5 U of Taq DNA polymerase (Life Technologies), and 1ϫ PCR buffer (Life Technologies). Primers were selected depending on the set of primers that generated the profile (e.g., SD14 and Es10) and were each added at a concentration of 1 M. The reamplification PCR was performed as follows: 5 min at 94°C, followed by 35 cycles of 30 s at 94°C, 30 s at 40°C, and 1 min at 72°C and then 10 min at 72°C and cooling to 4°C. Reamplified cDNA bands were electrophoresed on a 1.5% agarose gel to check for purity. Bands were purified from the gel by using the GFX PCR DNA and a gel band purification kit (Amersham Biosciences). Purified PCR products were cloned in a TA vector-based cloning kit (TOPO TA cloning kit; Invitrogen) used according to the manufacturer's instructions and were sequenced by using a DNA sequencing kit (Amersham Biosciences).
Database searches. All database searches with identified DNA sequences were done by using WU-BLASTX ϩ BEAUTY against all nonredundant GenBank CDS translations ϩ PDB ϩ SwissProt ϩ PIR ϩ PRF and the Baylor College of Medicine Search Launcer web site (http://searchlauncher.bcm.tmc.edu/seqsearch/nucleic_acid-search.html).
PCR-generated probes and radiolabeling. DNA probes for Northern analyses were generated under standard PCR conditions by using plasmids with the cloned RAP-PCR bands as templates and standard primers [corresponding to M13(-20) (5Ј-GTAAAACGACGGCCAGT-3Ј) and M13rev (5Ј-GGAAACAGC TATGACCATG-3Ј)] flanking the insertion point of the vector pCR2.1-TOPO. The DNA probe used for Southern blot analysis was generated under standard PCR conditions by using purified genomic DNA from V. anguillarum as the template and primers via1 (5Ј-TGGGTGAGGAAGCTTACTC-3Ј) and via2 (5Ј-CGCAACTGCGTTCACCAAG-3Ј) designed to amplify a 286-bp region of the A15 RAP-PCR clone. In general, 50 ng of purified PCR product was random primer labeled with Ready-To-Go DNA labeling beads and [␣-
32 P]dCTP (3,000 Ci/mmol; Amersham Biosciences) used according to the manufacturer's instructions. The labeled probes were separated from unincorporated 32 P-labeled nucleotides by gel filtration with a NICK column (Amersham Biosciences,), and the efficiency of labeling was subsequently monitored by thin-layer chromatography.
Northern analysis. Separation of RNA fragments in 1.2% formaldehyde agarose gels and subsequent blotting onto Hybond-N ϩ nylon membranes (Amersham Biosciences) were done as previously described (20) . Prehybridization and hybridization were performed in 0.5 M sodium phosphate (pH 7.2) with 7% SDS at 65°C with PCR-generated probes. Prehybridization was performed for 3 h, and then the prehybridization mixture was replaced by fresh prewarmed (65°C) hybridization mixture with radiolabeled probes added. Hybridization was performed overnight. Washes (three washes, 15 min each) were done by using 20 mM sodium phosphate (pH 7.2) containing 1% SDS at 65°C. The washed membrane filters were subsequently autoradiographed.
Verification of vibE homologue localization in V. anguillarum by Southern analysis. Purified genomic DNA from V. anguillarum was digested with four different restriction enzymes (EcoRI, NlaIII, SspI, and SacI [New England Biolabs]) and separated by gel electrophoresis in a 2% agarose gel. Digested DNA was transferred to nylon membranes as described by Southern (51) . Part of the DNA fragment homologous to vibE (A15) originally identified in the RAP-PCR profile was used as a probe after PCR amplification with primers via1 and via2. The probe was radiolabeled as described above, and prehybridization and hybridization were done in 0.5 M sodium phosphate (pH 7.2) containing 7% SDS at 65°C overnight. The stringency washes consisted of two washes (5 min each) with 2ϫ SSC-0.1% SDS and two washes (15 min each) with 0.1ϫ SSC-0.1% SDS at 65°C (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate). The membrane was dried, sealed, and autoradiographed.
Nucleotide sequence accession numbers. The nucleotide sequence data for the 10 identified RAP-PCR clones representing expressed mRNAs from V. anguillarum have been deposited in the EMBL database under accession numbers AJ458368 to AJ458377.
RESULTS
Scaling up the AH2 challenge experiment. Previous studies of the antagonistic effect of the AH2 supernatant on V. anguillarum were performed in 200-l formats with microtiter plates by mixing equal volumes of supernatant and fresh substrate (23) . Under these conditions the antagonistic effect was unequivocally determined by using an inoculum containing 10 4 CFU of exponentially growing V. anguillarum per ml. However, larger volumes were needed to conduct RAP-PCR profiling with isolated total RNA, and we therefore determined the effect of scaling up the AH2 challenge experiment. Experiments were conducted with 200-ml mixtures by using three different inocula (10 7 , 2.5 ϫ 10 7 , and 5 ϫ 10 7 CFU/ml), and the proliferation of the cultures was determined by measuring the optical densities in parallel cultures with and without 50% (vol/vol) AH2 supernatant. Scaling up the challenge experiment clearly did not change the inhibitory effect ( Fig. 1 ) which had been observed in microtiter plates. Growth of V. anguillarum ceased promptly when strain AH2 supernatant was added. The inhibitory effect was observed with all inocula, and subsequent experiments were conducted with an inoculum containing approximately 5 ϫ 10 7 CFU/ml. Analysis of the genetic response of V. anguillarum after exposure to AH2 supernatant. Strain AH2 supernatants were positive for iron chelation, as measured by the CAS assay, and a positive CAS response was also seen in samples diluted up to 30-fold (Fig. 2) . V. anguillarum was not killed by the AH2 supernatant but remained viable throughout the experiment (unpublished data). Taking the abruptness of the physiological response to AH2 supernatant into consideration (i.e., the instant cessation of growth), we assumed that the genetic response was equally rapid. Preliminary experiments were used to determine appropriate sampling points by comparing the responses after 5 or 20 min of exposure to fresh substrate and to AH2 supernatant. RAP-PCR profiles were obtained by using one specific primer combination (primers SD14 and Ea5). From this analysis it was evident that differentially expressed genes, as represented by changes in band appearance or disappearance under the two conditions, were most prominently detected with the 20-min samples (data not shown). To further confirm this conclusion, we isolated and sequenced one band that was present only in control cultures (band C2) and used this fragment as a probe in a Northern analysis with total RNA isolated from both cultures exposed to AH2 supernatant and control cultures at 5, 20, and 60 min after exposure (Fig. 3) . From this analysis it was evident that the transcript represented by band C2 was expressed during the continued exponential growth in the control culture, while transcription rapidly ceased in the culture exposed to AH2 supernatant; there was only a very faint level of expression after 5 min of exposure to the AH2 supernatant.
Based on these results, 30 different combinations of primers were used for RAP-PCR profiling of total RNA isolated from control samples and samples exposed to AH2 supernatant VOL. 185, 2003 V. ANGUILLARUM GENETIC RESPONSE TO FISH PROBIONT 833 taken after 20 min. Table 1 shows the total numbers of bands that were present in the profiles when the different primer combinations were used. The number of bands in a profile was highly dependent on the primers used; e.g., primers Es3 and Ea7 gave 87 bands, and primers Es3 and Ea9 gave only 3 bands. Independent of the number of bands, very few changes were observed when control and challenge cultures were compared, but the changes were distinct (Fig. 4) . Altogether, 15 RAP-PCR bands representing potentially differentially expressed genes were identified and subsequently reamplified, cloned, and sequenced. Five of the sequences were derived from the same gene, and two other sequences represented another gene but at different positions, which reduced the total number of different genes represented by RAP-PCR bands to 10.
Sequence analysis and database searches. The presence of one or several open reading frames (ORFs) in a sequence is required to allow a RAP-PCR band to be identified as an expressed gene (mRNA). Also important is the presence of the primer sequences used for amplification of the bands. We were able to identify the two primer sequences used to amplify the bands in all cases except bands A13 and A15. With bands A13 and A15 only the SD14 primer sequence was identified in both ends. It is, however, possible that this occurred during the amplification step in cases in which the forward primer had a higher affinity for a sequence in the cDNA generated in the FIG. 1. Effect of using three different inocula (10 7 , 2.5 ϫ 10 7 , and 5 ϫ 10 7 CFU/ml) of exponentially growing V. anguillarum with 50% (vol/vol) AH2 supernatant compared to the effect of using fresh M9GC (control). OD 600 for both types of cultures and each inoculum were determined at time zero (inoculum) and after 5 and 27 h of incubation of the cultures at 15°C with agitation. initial step than the reverse primer originally used had. In seven of the bands uninterrupted ORFs were identified. In two of the bands (bands C2 and C3) two ORFs that potentially represent parts of polycistronic mRNA were identified. In one band (band A11), 48 nucleotides beyond the stop codon in the 3Ј untranslated region of the mRNA were included. Within this sequence stretch we were not able to identify potential stem-loop structures or rho-dependent transcription termination sites, which justified the presence of this region in the mRNA.
Searches of the database revealed a number of similar genes (Table 2) , primarily from the close relative Vibrio cholerae, which recently was completely sequenced (26) . In three cases (bands A7, C12, and A13) it was not possible to obtain significant hits in the BLASTX analysis. Interestingly, we identified a homologue (band A11) of the V. cholerae sigma factor (rpoS) (57) in V. anguillarum, and furthermore, we identified a homologue (band A15) of the vibE gene of V. cholerae. VibE is involved in the siderophore vibriobactin biosynthesis pathway of V. cholerae (56) . Bands C2 and C3, originating from the control cultures, represented two polycistronic mRNAs with significant homology to the rpsD-rpoA and rpsB-tsf genes, respectively, of V. cholerae (26) . RAP-PCR band A2 showed significant homology to a peptide ABC transporter, periplasmic peptide-binding protein (DppA) from V. cholerae (26) , and band C5 was homologous to the ribosomal small-chain pseudouridine synthase A (RsuA) of V. cholerae (26) . In one case (band A1) we found significant homology to a hypothetical protein from V. cholerae with unknown function. In subsequent experiments, we focused on genes with homology to genes with assigned functions in V. cholerae (i.e., A2, C2, C3, C5, A11, and A15), as this allowed us to interpret the genetic response more directly. Obviously, other nonassigned potential genes may also play important roles in the genetic response of V. anguillarum to AH2 supernatant exposure.
Verification of differentially expressed genes. To verify that the genes of V. anguillarum identified were indeed differentially expressed, we performed a series of Northern analyses in which we compared total RNA fractions isolated 20 min after inoculation from control cultures and from cultures exposed to AH2 supernatant. Differential expression was confirmed for five of the six genes (Table 3) ; however, the A2 probe gave positive signals for both samples, indicating that this gene was expressed regardless of AH2 supernatant exposure. All the genes expressed only in the control cultures (C2, C3, and C5) are characteristic of actively growing cells. The genes induced or expressed only after exposure to AH2 supernatant (A11 and A15) could indicate why the growth of V. anguillarum is halted by the antagonistic organism P. fluorescens AH2.
Iron inhibits the antagonistic effect of the AH2 supernatant and alters the AH2 supernatant-induced genetic response. Supplementing the AH2 supernatant-containing medium with excess Fe 3ϩ ions eliminated the growth-inhibiting antagonistic effect of the AH2 supernatant (Fig. 5E) . We determined how Fe 3ϩ addition affected expression of RAP-PCR clones A2, C2, and A11, each of which represents a different regulatory pattern in response to AH2 supernatant exposure. Four parallel   FIG. 4 . Examples of side-by-side RAP-PCR profiles generated from V. anguillarum cultures challenged with AH2 supernatant (lanes A) and from control V. anguillarum cultures (lanes C) by using three different sets of primers (Es10 plus Ea4, SD14 plus Ea4, and SD14 plus Ea5). One band that potentially represents a differentially expressed gene in each set of profiles is indicated by an arrow, and the designation of the corresponding RAP-PCR clone is indicated (see Table 2 for detailed information). The panels show only parts of the entire profile lanes. SD14  28  55  36  57  30  60  55  20  46  38  Es3  17  66  45  24  31  52  87  9  3  60  Es10  36  50  58  43  15  25  23  58  42  45 VOL. 185, 2003 V. ANGUILLARUM GENETIC RESPONSE TO FISH PROBIONT 835 cultures were inoculated, as described above, with exponentially growing V. anguillarum. For one pair of cultures, one culture was inoculated with 50% (vol/vol) AH2 supernatant and one culture was inoculated with fresh medium; for a second similar pair of cultures, each culture was supplemented with 0.1 mM FeCl 3 . After 20 min of incubation, samples were taken from each of the four cultures and used for total RNA extraction and subsequent Northern analyses. The optical densities of all four cultures were monitored for several hours after inoculation. The growth of the culture that was exposed to AH2 supernatant and supplemented with 0.1 mM FeCl 3 was almost unaffected, like the growth of the two control cultures. The slight reduction in growth rate observed in this culture could be explained by the difference between the volume of fresh M9GC added to the culture and the volume added to the control cultures (Table 4) . Growth instantly ceased in the irondeficient culture exposed to AH2 supernatant (Fig. 5E ). Apparent reversal of the physiological response imposed by the AH2 supernatant by addition of excess amounts of Fe 3ϩ ions was also observed in the responses of the genes represented by RAP-PCR clones A2, C2, and A11. C2 potentially represents part of an operon that includes homologues of the rpsD and rpoA genes, and these genes resumed expression in response to iron supplementation and continued growth (Fig. 5B) . The expression of dppA homologue A2 was essentially unchanged (Fig. 5D ) except for a twofold induction in the iron-supplemented AH2 culture (lane 2). The rpoS homologue A11 was not expressed in the iron-supplemented AH2 supernatant-containing culture (Fig. 4C) . Thus, taken together, the data for these three genes indicated that the genetic responses of V. anguillarum cultures exposed to AH2 supernatant after resumption of growth upon addition of 0.1 mM FeCl 3 reverted to the expression pattern seen in normally growing unchallenged V. anguillarum cultures. The significance of the small increase in expression of the dppA homologue A2 in iron-supplemented AH2 cultures is difficult to evaluate, since we did not see a similar tendency in the iron-supplemented control culture. This increase could imply that the growth-arresting effect of the AH2 supernatant includes elements other than simple iron starvation.
Investigating the response of V. anguillarum to different doses of the AH2 supernatant. Up to 30-to 50-fold dilution of the AH2 supernatant still resulted in chemical detection of iron-chelating ability by the CAS assay (Fig. 2) . We therefore investigated the expression or induction of the genes homologous to rpoS (band A11) and vibE (band A15) in exponentially growing V. anguillarum when it was exposed to different concentrations of the AH2 supernatant. Eight V. anguillarum cultures, including cultures exposed to AH2 supernatant, control cultures, and cultures supplemented with 0.1 mM FeCl 3 , were set up (Table 4) . Total RNA was isolated from each of the cultures 20 min after inoculation (Fig. 6A) and prepared for Northern analysis by using A15 (Fig. 6B) and A11 (Fig. 6C) as the probes. Growth of the eight cultures was subsequently monitored for several hours (Fig. 6E) . Focusing on the three cultures exposed to AH2 supernatant without iron supplementation, we observed that at a 100-fold dilution (i.e., 1% [vol/vol] AH2 supernatant), the antagonistic effect was eliminated. Both the 10-fold dilution and the 2-fold dilution, on the other hand, still had antagonistic effects. Minor differences in the growth The Northern analysis in which A15 was used as the probe provided evidence that expression of the gene homologous to vibE was induced only when growth had ceased. In the presence of 1% (vol/vol) AH2 supernatant, no expression was observed, as was the case in the culture exposed to AH2 supernatant and supplemented with excess iron ions. The size of the largest transcript (2.7 kb) in the A15 hybridization (Fig.  6B) corresponded nicely with the predicted size of an mRNA in V. cholerae containing the cotranscribed genes vibC and vibE as proposed by Wyckoff et al. (56) , suggesting that the genes in V. anguillarum are organized in a similar manner. We also observed smaller transcripts and a smear below 1.6 kb, indicating that the mRNA was degraded. This finding does not, however, rule out the possibility that this mRNA encodes functional proteins.
Only in cultures in which the AH2 supernatant resulted in growth arrest could we identify significant expression of the rpoS homologue, A11; however, unlike the level of expression of the vibE homologue, it appeared that the level of expression of the rpoS homologue was slightly reduced in the culture containing 10% (vol/vol) AH2 supernatant compared to the level in the culture containing 50% (vol/vol) AH2 supernatant. When analyzing a Northern blot quantitatively with a phosphorimaging device, we observed a faint signal from the culture containing 1% (vol/vol) AH2 supernatant, whereas all other control cultures, as well as the iron-supplemented cultures, gave only background signals (Fig. 6D) . These results suggest that expression of the rpoS homologue is positively correlated with the amount of AH2 supernatant added to a culture, and even at very low levels (i.e., a 100-fold dilution), the supernatant still affected the culture, although the ability of the cells to grow was not affected.
2,2-Dipyridyl-induced iron chelation in M9GC V. anguillarum control cultures stimulates the stationary-phase response through rpoS. The results described above indicated that iron deprivation is essential for the mechanism of the AH2 supernatant effect on V. anguillarum. We investigated this phenomenon by comparing the effect of the commonly used iron chelator 2,2-dipyridyl to the effect of AH2 supernatant by performing Northern analyses with A11, A15, and C3 as the probes. Prior to the experiment we performed a titration of 2,2-dipyridyl to determine the concentration needed to inhibit growth of V. anguillarum and maintain a viable culture. Concentrations between 1 and 0.25 mM inhibited growth, whereas 0.125 mM had only a marginal effect. Addition of 1 mM 2,2-dipyridyl to a V. anguillarum cell suspension had no effect on the viability of cells, and this concentration was chosen for subsequent experiments (Table 5) . Growth was monitored for approximately 2 h after inoculation (Fig. 7E) , and total RNA was extracted from samples from the three cultures taken after 20 min (Fig. 7A) . The Northern analysis in which C3 was used as the probe (Fig. 7D) 
rpoS (Fig. 7C) , we observed clear AH2 supernatant-mediated induction of rpoS, and interestingly, we observed similar although slightly reduced induction when the culture was exposed to 1 mM 2,2-dipyridyl.
The results of the Northern analysis when probe A15 homologous to vibE was used confirmed that there was clear induction of a gene homologous to vibE in V. anguillarum when it was exposed to AH2 supernatant (Fig. 7B) , and again we observed a tendency toward degradation of the vibE transcripts. However, unlike the experiment shown in Fig. 6B, we observed a basal level of expression of this gene in the control culture, but we believe that this was due to differences in the sensitivities of the two different Northern analyses. From a quantitative analysis of the Northern blot in Fig. 7B we concluded that the gene was induced at least fivefold when it was exposed to AH2 supernatant. No induction was seen in the 2,2-dipyridyl-containing control culture. Either this reflected differences in the efficiency with which the AH2 supernatant affected the genetic response compared to the effect of 1 mM 2,2-dipyridyl, or another component, aside from the lack of iron, in the AH2 supernatant stimulated expression of the vibE homologue of V. anguillarum.
The vibE homologue A15 is not identical to ORF E on virulence plasmid pJM1 of V. anguillarum. Recently, a region on virulence plasmid pJM1 of V. anguillarum was sequenced and characterized (54) . One ORF (ORF E) was identified in this region that had significant homology to the genes vibE of V. cholerae and entE of Escherichia coli, which are involved in siderophore synthesis of vibriobactin and enterobactin, respectively. ORF E contains a frameshift mutation and is therefore not believed to encode any functional protein, suggesting that this gene is not essential (54) . The A15 RAP-PCR clone identified in this work gave a significant hit to VibE (Table 2 and Fig. 8A ), and the similarity of A15 to ORF E was investigated. Alignment of the 104-amino-acid overlap of the A15 and ORF E products gave a clear indication that these two regions are not identical but are homologous, and interestingly, we demonstrated that the A15 sequence does not contain the same frameshift mutation as that observed in ORF E (Fig. 8B) . ORF E and A15 have 70% identity and 75% similarity, while VibE and the A15 product have 74% identity and 87% similarity (Fig. 8) . A Southern analysis was performed with a 286-bp region of A15 as the probe to confirm that A15 represented a chromosomally encoded gene (Fig. 9) . Purified genomic DNA of V. anguillarum was digested with four different restriction enzymes (EcoRI, NlaIII, SspI, and SacI). EcoRI was not expected to have any recognition sites within A15, while NlaIII was expected to have two sites and SspI and SacI were each expected to have one site. The Southern analysis confirmed that the A15 region is indeed part of the V. anguillarum genome (Fig. 9) and that it potentially represents part of a functionally active gene (e.g., angE) encoding a protein involved in the synthesis of anguibactin or another siderophore of V. anguillarum.
DISCUSSION
With this study we demonstrated the potential of using molecular techniques to unravel putative mechanisms of the antagonistic behavior of a probiotic strain against a pathogenic strain, not by focusing on the antagonist but instead by characterizing the genetic response of the pathogen. By selecting this strategy we obviously excluded the possibility of obtaining more direct evidence of the antagonistic mechanism exhibited by the AH2 strain, which would have been possible if we had constructed, selected for, and characterized noninhibitory mutants of the AH2 strain. However, for the random mutagenesis approach to be successful there is an absolute requirement of access to reliable and efficient genetic tools, and this is not always possible, particularly not with natural strains, such as P. FIG. 6 . Northern analysis of RAP-PCR clones A11 and A15 after exposure of exponentially growing V. anguillarum to three different doses of AH2 supernatant (see Table 4 fluorescens AH2. Genetic manipulation of strain AH2 (e.g., by Tn5 mutagenesis) has proven to be difficult (5) .
By using the RAP-PCR-based differential display technique we were able to identify a small subset of genes that were either absent (i.e., not expressed or expressed at levels below the detection limit) or present (i.e., expressed or induced) in one of the two conditions of V. anguillarum that we tested. The changes observed reflected rearrangements of the transcriptome that V. anguillarum exhibited in going from an actively exponentially growing phase to an instantly growth-inhibited stage due to the AH2 supernatant. The physiological response (i.e., the prompt arrest of growth) was also displayed in the genetic response by the lack of transcription of RAP-PCR clones C2 and C3, which encode homologues of the rpoA-rpsD genes (corresponding to part of the ␣ operon of E. coli) and the rpsB-tsf genes (corresponding to the S2 operon of E. coli), respectively. In E. coli expression of these genes is known to be coordinated with the synthesis of ribosomal proteins as a function of the growth rate (28, 34) , and it is therefore not surprising that transcription of these genes in V. anguillarum stops when growth stops. This is a trivial observation, but nevertheless a connection between a physiological response and a genetic response was made.
Other less trivial observations concerning the genetic response were made based on the RAP-PCR profiles. First, an rpoS homologue was induced in the pathogen after strain AH2 supernatant exposure, and second, a vibE homologue was induced in V. anguillarum exposed to AH2 supernatant.
We demonstrate here that during stress response the fish pathogen V. anguillarum expresses a gene homologous to rpoS. The results of the 2,2-dipyridyl-mediated growth arrest analysis demonstrate to our knowledge for the first time that the stationary-phase response through stimulation of rpoS can be induced specifically by iron starvation. Also, the data indicate that the rpoS induction seen when V. anguillarum is exposed to AH2 supernatant could be caused by the iron-chelating properties of the supernatant. The rpoS gene, which has been intensely studied in E. coli and Salmonella, encodes RpoS, which is also called the alternative sigma factor S ( S ). RpoS is required for the global response of these bacteria in the stationary phase and for responses to several stress factors, such as oxidative damage, salinity, and starvation (15, 38, 43) . RpoS mutants typically show reduced survival during stress exposure, and also virulence factors may be modulated by RpoS. Thus, Iriarte et al. (27) demonstrated that an RpoS mutant of Yersinia enterocolitica did not produce enterotoxin. The rpoS gene has been sequenced in environmental bacteria, such as Pseudomonas putida (41) , and in nonenteric pathogens, such as V. cholerae (57) , in which it plays a role in starvation and stress survival like the role that it plays in enteric pathogens. Our data indicate that iron starvation is the major mechanism governing the growth arrest of V. anguillarum when it is exposed to strain AH2. Most starvation studies have focused on rpoS as induced by carbon, nitrogen, or phosphorus limitation, and it has not previously been shown that rpoS induction specifically is linked to iron starvation as the cause of growth arrest. The rpoS induction in V. anguillarum was a function of the amount of AH2 supernatant (i.e., there was a dose-response relationship) and was eliminated when iron was added to the culture. V. anguillarum is almost constantly exposed to conditions of nutrient or mineral limitation. In the planktonic state in the ocean, many nutrients are limited, and the organism is exposed to UV light, fluctuating temperatures, etc. In its infectious stage it must survive host defense mechanisms, including iron depletion conditions. Thus, V. anguillarum must be equipped with a broad, well-functioning stress response system. It would be interesting to determine if rpoS in V. anguillarum determines survival and has any influence on virulence. Unpublished rpoS sequences have been submitted for another fish pathogen, Vibrio harveyi (accession number AF321124), but the role of RpoS in this organism and the factors that induce its expression are unknown. Nelson et al. (36) concluded that the starvation stress response in V. anguillarum was different from that of other bacterial species since starvation caused only a temporal increase in resistance to other stress factors, such as ethanol exposure. Our finding that rpoS is present indicates that the response of V. anguillarum may not be very The A15 RAP-PCR clone has significant homology on the amino acid level to the corresponding vibE and entE genes of V. cholerae and E. coli, respectively. These genes are both constituents of the siderophore-based iron-sequestering system for these two bacterial species using vibriobactin (25) and enterobactin (39) , respectively, and it was natural to hypothesize that this novel gene in V. anguillarum has a role in iron uptake. Basically, in many microorganisms regulated systems make sure that under iron-deprived conditions efficient assimilation of iron is maintained by induction of the synthesis of low-molecular-weight iron-chelating siderophores (29) . Through the years several studies have specifically focused on the iron uptake systems of V. anguillarum (9, 11, 12, 30, 54) . It has been established that V. anguillarum serotype O1 strains possess two different iron uptake systems, one encoded by chromosome genes and one encoded by plasmid genes (11, 30) . The chromosome-mediated iron uptake system in V. anguillarum produces siderophores functionally related to enterobactin (30) , and the plasmid (pJM1)-encoded system produces the catechol-type siderophore anguibactin (1), which is structurally different from enterobactin and vibriobactin.
Recently, Welch et al. (54) provided evidence of the essential role of two overlapping genes (angB and angG) on virulence plasmid pJM1 in siderophore biosynthesis of anguibactin. In this study a region including these two genes was sequenced on the pJM1 plasmid, and in addition to other genes a third gene, designated ORF E, was also identified. ORF E contained a frameshift mutation and was therefore considered to be nonfunctional. ORF E showed significant homology to vibE, as well as to the A15 clone product on the amino acid level (Fig. 8B) . However, A15 does not contain the frameshift mutation, and therefore, it most likely encodes a functional protein and resides on the chromosome of V. anguillarum, exactly like vibE in V. cholerae. VibE is a 2,3-dihydroxybenzoate-AMP ligase that, as indicated by Wyckoff et al. (56) , plays a role in the vibriobactin biosynthesis pathway going from 2,3-dihydroxybenzoic acid to vibriobactin. It is interesting to speculate that the function of the vibE homologue in V. FIG. 7 . Northern analysis of RAP-PCR clones A15, A11, and C3 after exposure of exponentially growing V. anguillarum to three different media (see Table 5 anguillarum is similar. This suggests that anguibactin biosynthesis in V. anguillarum could be controlled by genes that reside on both pJM1 and the chromosome. A similar coupling of chromosome-mediated and plasmid-mediated biosynthesis of anguibactin was reported by Chen et al. (9) , but it involves the chromosomal gene product AroC of V. anguillarum, which catalyzes the synthesis of a precursor known as chorismate to 2,3-dihydroxybenzoic acid. Welch et al. (54) discussed the presence of pseudogenes like ORF E on the pJM1 plasmid and their possible origin as a function of transposition events and horizontal transfer of genes potentially originating in V. cholerae or an ancestral organism. It was suggested that these genes could have become nonfunctional during evolution because, as these authors state, they are nonessential. Our study demonstrated that the lack of function of the pseudogenes on the plasmid could be due to the presence of chromosomally encoded functionally identical genes.
We were able to demonstrate by supplementing the AH2 supernatant with excess FeCl 3 that growth of V. anguillarum was maintained after exposure and induction of the rpoS and vibE homologues did not occur. Thus, simply providing sufficient iron ions ensured continued growth and apparently eliminated the antagonistic effect of the AH2 supernatant. Furthermore, we observed a dose-dependent response of V. anguillarum when increasingly diluted AH2 supernatants were added. rpoS transcription was gradually diminished with increasing dilution of AH2 supernatant, and even at a 100-fold dilution, at which growth was possible, a small increase in rpoS transcription above the level in unexposed cultures could be identified.
However, when we attempted to mimic the presumed ironchelating ability of the AH2 supernatant by using the commonly used chemical iron chelator 2,2-dipyridyl, we observed differences in the behavior of the two systems with respect to the effect on induction of the vibE homologue in V. anguillarum. Hence, presumably not just simple iron deficiency induces the vibE homologue, but a combination of a lack of iron and the presence of other components of the AH2 supernatant is required to induce the vibE homologue. From other studies (8, 16) siderophores are known to positively affect the growth of bacteria other than the siderophore-producing organism. The examples include specific cross feeding (16) or stimulation of a non-siderophore-producing bacterium by addition of siderophore-containing supernatants from another producing organism (8) . Although growth of V. anguillarum is inhibited after exposure to the siderophore-containing AH2 supernatant, the presence of siderophores of strain AH2 origin might positively affect the V. anguillarum siderophore synthesis apparatus, leading to production of novel V. anguillarum siderophores (e.g., anguibactin) and hence induction of the vibE homologue. Obviously, more thorough investigations are needed to confirm this.
Based on these results it is tempting to propose a model for the mechanism of the antagonistic effect of the AH2 supernatant against V. anguillarum proliferation. The AH2 supernatant contains iron-complexing compounds (i.e., siderophores) in huge excess, and when introduced into an exponentially growing culture of V. anguillarum, it immediately binds the available free iron ions, which leads to an iron-deprived environment. In response to this, V. anguillarum stops growing, and a stress response through rpoS is induced. In parallel, siderophore biosynthetic genes are induced, as indicated by the presence of mRNA from the gene homologous to vibE. Assuming that V. anguillarum siderophores are synthesized and secreted into the medium, these compounds are not capable of outcompeting the chelation exerted by the strain AH2-derived siderophores, nor is V. anguillarum capable of utilizing the complex-bound iron. When excess Fe 3ϩ ions are added, efficient uptake of iron resumes and growth continues. It follows that trials investigating the in vivo effect on vibriosis of, for example, pseudomonads that overproduce siderophores (or in which the siderophore capacity is diminished) should be conducted to verify our suggestions. V. ANGUILLARUM GENETIC RESPONSE TO FISH PROBIONT 841
